We present the design of a novel platform that is able to combine optical frequency bands spanning 4.2 octaves from ultraviolet to mid-wave infrared into a single, low M 2 output waveguide. We present the design and realization of a key component in this platform that combines the wavelength bands of 350 nm -1500 nm and 1500 nm -6500 nm with demonstrated efficiency greater than 90% in near-infrared and mid-wave infrared. The multi-octave spectral beam combiner concept is realized using an integrated platform with silicon nitride waveguides and silicon waveguides. Simulated bandwidth is shown to be over four octaves, and measured bandwidth is shown over two octaves, limited by the availability of sources.
Introduction
Integrated spectral beam combining technologies for high power broadband light sources enable technologies such as integrated spectroscopy systems [1, 2] and wide-band wavelength division multiplexing [3] . New high performance broadband technologies are also important for developments in free space communications, remote sensing, medical radiation therapy, and a host of other applications [4] . Current competitive technologies for high power broadband sources with low M 2 output use supercontinuum generation [5] or spectral beam combining [6] . Supercontinuum generation requires a high power pump to generate output through nonlinear processes. Such sources have output power and bandwidth limited by the pump power and require components that are challenging to integrate. Existing spectral beam combining technologies use free space optics to externally combine laser array output beams [7] , but only narrow bandwidths are achieved. To cover multi-octave bandwidths, separate discrete laser sources are used [8] .
By integrating spectral beam combining components along with multi-spectral laser sources on a single photonic chip, a broadband and scalable power source can be realized with the advantages of photonic integration, including reduced cost, compact size, and high efficiency. Existing integration technologies cannot provide multi-spectral light generation and low loss beam combining in a single photonic chip. Different gain materials and mechanisms must be used to generate UV to mid-IR wavelengths with integrated lasers, specifically between 350 nm and 6500 nm for the application of this work. Also, no single waveguide platform practically provides low loss waveguides and spectral beam combining components across this multi-octave bandwidth. To address these challenges, we propose using multiple die bonding [9] for heterogeneous integration to create multi-spectral laser sources on chip and two waveguide designs for long and short wavelength regimes. Heterogeneous integration of light sources has been demonstrated on silicon spanning verynear-infrared (VNIR) [10] , near-infrared (NIR) [11] , and mid-infrared (mid-IR) [12] . The hybrid silicon and III-V/Si 3 N 4 on silicon platforms enable such a broad spectrum of sources to be processed on a single chip [13] .
The multi-octave spectral beam combiner that is proposed in this work uses three stages of spectral combining: intra-band, inter-band, and ultra-broadband combining as shown in Fig. 1 . Here we define a band as the range of wavelengths, for example the UV, visible (UV), VNIR, NIR, and mid-IR bands. The intra-and inter-band stages utilize common integrated photonic architectures, but the final ultra-broadband stage involves a novel approach to combine long and short wavelength regimes to a single output. By ensuring maximum fundamental mode excitation, the output will have the highest beam quality, defined by a low M 2 value, spanning multiple octaves. The M 2 value is ratio to the output beam divergence to a diffraction limited beam divergence. Further details of the multi-octave spectral beam combiner design and the fabrication, experimental testing, and analysis of the ultra-broadband combiner are covered in this paper. We show low insertion loss spectral beam combining for wavelengths spanning more than two octaves. The ultra-broadband combiner is the key element for the integrated multi-octave spectral beam combiner. Its design and demonstration shows that the entire platform is now feasible. Integrated high power and broadband light source applications in spectroscopy and communications can now be realized with the multi-octave spectral beam combiner. We begin in Section 2 by detailing the design of the multi-octave spectral beam combiner including the ultra-broadband combiner. In Section 3 and 4 we present the experimental setup and measurement results. Finally, in Section 5 we discuss the results and compare simulation data to the experimental testing data.
Multi-octave spectral beam combiner

Platform and waveguides
The multi-octave spectral beam combiner, in Fig. 1(b) , is designed to be compatible with multiple arrays of heterogeneously integrated diode lasers where each laser operates at a different wavelength and each array covers a different spectral band. A first stage of intraband combiners multiplexes light with arrayed waveguide gratings (AWG's) [14, 15] , to combine each laser output within a spectral band into a single single-mode waveguide. A second stage of directional couplers is used to combine all of the spectral bands within each waveguide type. Before the final ultra-broadband combiner stage, optical modes in the silicon core waveguide are transferred to the silicon nitride core waveguide [16, 17] . The two waveguides resulting from each waveguide platform are then inputs to the ultra-broadband combiner.
Using two waveguide types avoids prohibitively high material losses that would be present in a single waveguide platform for UV to mid-IR wavelengths while providing a platform compatible with heterogeneous integration of laser sources covering the same spectral range. Waveguide geometries can either be dual layer buried rib type, as in Fig. 2(a) , or a single layer buried channel type, as is Fig. 2(b) , in order to manage waveguide modes and increase the tolerance of the waveguide effective index against process variations, respectively. Adiabatic tapers, also shown in Fig. 2 , transition between waveguide types. For this design, wavelengths longer than 1.5 μm are guided by a silicon core with silicon nitride cladding waveguide and wavelengths shorter than 1.5 μm are guided by a silicon nitride core with silicon dioxide cladding waveguide. The motivation for the dual waveguide platform is to provide an ultra-broadband spectral transparency from UV to mid-IR. We avoid silicon absorption in the VNIR, VIS, and UV bands by using silicon nitride and silicon dioxide (down to ~350nm) and we avoid silicon dioxide absorption in the mid-IR band (up to ~6.5 μm) by using silicon and silicon nitride [18, 19] . Significant mid-IR optical absorption in silicon dioxide increases loss after the transition from the silicon waveguide to the silicon nitride waveguide, both shown in Fig. 1(a) , but it is feasible to minimize the waveguide length and keep absorption loss less than 1 dB. Other approaches could be used to avoid absorption loss, for example by etching away the silicon dioxide underneath the silicon nitride, leading to a membrane type waveguide [20] . For mid-IR wavelengths in the silicon nitride core waveguide, silicon substrate leakage also contributes significant loss. Although substrate leakage loss is not addressed in this work, we plan to investigate undercut etching the silicon substrate below the silicon nitride waveguide platform in regions that guide mid-IR light. This reduces substrate leakage loss for mid-IR wavelengths and it should not affect loss at shorter wavelengths. The silicon nitride waveguide platform must ultimately guide light across the entire UV to mid-IR spectrum for the ultra-broadband combiner stage and the final output waveguide. Therefore, this waveguide platform must also provide low loss for NIR to mid-IR wavelengths as well as UV to NIR wavelengths. By employing a high aspect ratio of width to thickness, the sidewall scattering loss can be minimized [21] . Substrate leakage and material absorption losses for mid-IR wavelengths can be minimized as previously discussed through silicon substrate undercut and minimizing the length of the final ultra-broadband combiner and output waveguide region. 
Ultra-broadband combiner design
The ultra-broadband combiner design is based on the adiabatic tapered mode coupler [22] , but it also includes a tapered coupler gap to decrease the total coupler length. Analysis of the structure in Fig. 3 , shows that there is a short wavelength spectrum and long wavelength spectrum of high TE fundamental mode transmission for the bar and cross inputs, respectively. The long wavelength cross input operates similarly to the previously demonstrated adiabatic coupling devices [22, 23] , but the short wavelength bar input propagates light that does not have high enough coupling strength to be perturbed by the inversely tapering waveguide from the cross input. The TE fundamental mode transmission trend shows a cross-over wavelength where the transmission from each input is equivalent. Wavelengths longer than this cross-over wavelength have high transmission through the cross input and wavelengths shorter than the cross-over wavelength have high transmission through the bar input.
Previous examples of adiabatic couplers, as in [22, 23] , approach the design with a theoretical model treating the waveguide propagation constant as slowly varying along the coupler length. For this ultra-broadband combiner, a theoretical modal would need to include propagation constants with a finite derivative with respect to the propagation distance since previously derived expressions do not agree with the performance of this coupler. Therefore, beam propagation method (BPM) simulation software was used to design this coupler and predict coupling efficiency trends versus coupler length and wavelength. The primary design tradeoff for such a broadband device is to choose waveguide geometries that guide the longest wavelengths without excessive loss and guide the shortest wavelengths while minimizing the number of guided modes. Considering that the application of this device involves an array of integrated diode lasers, any of the diode laser wavelengths will preferably lase into the fundamental TE mode [24] . Therefore, even though the input waveguide may support TM modes and higher order TE modes, it is assumed that only the fundamental TE is excited. Similarly, other laser sources for mid-IR light, such as interband cascade lasers (ICLs) or quantum cascade lasers (QCLs), also lase in a fundamental mode, either TE or TM, and a fundamental TM mode can be rotated to a fundamental TE polarized mode [25] . The guided mode eigenvalues for 780 nm, 1550 nm, and 3600 nm wavelengths are shown in Fig. 4 for the cross and bar waveguides of the ultra-broadband combiner as a function of position along the coupler's length.
The wavelengths that we use in our measurements are chosen to evaluate the three wavelength regimes of interest: high transmission of short wavelengths (VNIR), transmission near the cross-over wavelength (NIR), and high transmission of long wavelengths (mid-IR).
Along the length of the coupler, propagation constant β matching between coupling waveguides occurs for various modes as shown in Fig. 4 . Strong coupling between modes is achieved with β matching, high percentage modal overlap, and slowly varying β along the coupler length. For high fundamental mode transmission from each input the short wavelength bar input should not be perturbed along the coupler and the cross input should completely couple into the output waveguide. The β matching between the 780 nm fundamental modes in Fig. 4(a) occurs when the modal overlap is low so the overall coupling is low. For 1550 nm, the modal overlap is higher in the β matching region and some coupling occurs. The largest 3600 nm mode has a high mode overlap and high coupling occurs where there is β matching.
Since the coupler will have decreased fundamental mode transmission near the cross-over wavelength, this wavelength regime is not an ideal operating point. This work investigates the parameters that affect the cross-over wavelength to enable engineering of a particular crossover wavelength by measuring transmission for various lengths of the ultra-broadband combiner and three wavelength spectra in the NIR: 1310 nm, 1430 nm, and 1550 nm.
To experimentally test the ultra-broadband combiner the fundamental TE mode must be excited for each input and wavelength. An input mode filter is designed in the fabricated devices with partially etched waveguides to minimize higher order TE mode excitation. Light is coupled into the cross and bar inputs via partially etched waveguides at the facets, which are adiabatically tapered to fully etched waveguides of 2 μm and 1 μm widths for the cross and bar inputs, respectively, to the ultra-broadband coupler as shown in Fig. 5 . At the labeled region "I", the bar and cross inputs at the facet are initially 0.4 μm and 2.0 μm wide partially etched waveguides, respectively, in order to minimize higher order mode excitation. Next, at region "II", the buried rib waveguide adiabatically tapers to a buried channel waveguide as in Fig. 2 . At region "III" the 0.4 μm wide waveguide is then laterally tapered to a 1.0 μm wide waveguide for the input to the ultra-broadband combiner. The cross waveguide is already the appropriate 2.0 μm width after the bi-level taper in region "II" so there is not another lateral taper for this waveguide. The guided mode eigenvalues in region "I" of Fig. 5 for 780 nm, 1550 nm, and 3600 nm wavelengths are shown in Table 1 . TM mode excitation is avoided by polarization filtering at the input. Since the 1550 nm cross input has a TE1 mode, it is incorporated in the BPM simulations. All other waveguides do not guide higher order TE modes for these wavelengths. For the bi-level taper in region "II" of Fig. 5 , the TE mode transmission is also shown in Table 1 . The TM mode excitation is not shown since the TE modes can be efficiently excited with high polarization extinction ratio, which is discussed further in Section 3. The 3600 nm taper transmission is not shown since this input taper is removed for 3600 nm transmission simulations and measurements since it is not necessary to isolate the fundamental TE mode and only adds more loss.
The taper in region "III" of Fig. 5 is completely adiabatic and simulations show no loss for each mode present in the bar waveguide.
The ultra-broadband combiner, shown in region "IV" of Fig. 5 , linearly tapers each waveguide along the length of the coupler. The width of the cross input tapers from 2 μm to 100 nm, which is the narrowest achievable taper width with the deep-UV lithography process used here, and the width of the bar input tapers from 1 μm to 2 μm. The coupler gap is tapered from 1 μm to 0.5 μm.
Ultra-broadband combiner BPM transmission simulations
In We investigated the cross-over wavelength trend for various coupler lengths and see a trend of red-shifted cross-over wavelength while decreasing the coupler length. A variety of other factors, such as coupler gap, taper rate, material indices, waveguide geometries, and modal excitation, also affect the cross-over wavelength, but these are not varied. The coupler length is most easily controllable parameter that can provide the widest range of cross-over wavelength tuning. To achieve cross-over wavelengths outside of this tuning range, the coupler gap and taper rate can also be easily tuned, but this is not investigated in this work. This simulated device was fabricated and tested as shown in section 4. Mode excitation and measurement is a critical issue for (V)NIR wavelengths since multiple TE modes exist in the bar waveguide. In order to simulate and measure fundamental mode transmission the performance of the higher order TE mode must be characterized so the measurement setup can be designed to represent the fundamental mode transmission. The TE0 and TE1 mode transmission is shown in Fig. 7 for an ultra-broadband combiner with a 300 μm coupler length. Both TE0 and TE1 modes are separately launched and each mode overlap integral with both TE0 and TE1 modes is measured for the transmission of the combiner. 
Ultra-broadband combiner fabrication
These devices are fabricated on silicon substrate wafers with 2 μm of thermally grown silicon dioxide. A 200 nm layer of low-pressure chemical vapor deposition (LPCVD) stoichiometric silicon nitride is deposited on top of the silicon dioxide and deep-UV lithography with carbon tetrafluoride and oxygen inductively coupled plasma (ICP) etching defines the waveguides. A second lithography and etch step defines the fully etched silicon nitride regions shown in Fig.  5 . Finally, a 2 μm plasma-enhanced chemical vapor deposition (PECVD) silicon dioxide layer forms the top cladding layer and the wafer is annealed at 1050°C for 8 hours to improve silicon dioxide index uniformity. An optical photograph in Fig. 8 shows devices and polished facets of 2 out of the 1680 devices processed on one 4-inch wafer. The device yield was 100% for the 90 measured devices. Etched channels in the cladding silicon dioxide, visible along the side of the coupler in Fig. 7 , are unused in this work, but allow for future investigation of an undercut substrate to reduce substrate leakage loss of the mid-IR band wavelengths. 
Experimental setup
Insertion losses were measured in three different wavelength bands to demonstrate ultrabroadband operation. A tunable laser at 780 nm is used as the VNIR source. An incoherent broadband light source with peaks at 1310 nm, 1430 nm, and 1550 nm is used as the NIR source. An interband cascade laser (ICL) at 3600 nm is used at the mid-IR source. Figure 9 shows the measurement setup schematics for the (V)NIR measurements and the mid-IR measurements. Both setups free space couple light from a source to the input waveguide. High TE polarized input with polarization extinction ratio >45 dB is ensured for the (V)NIR setup in Fig. 9 (a) with a dichroic film polarizer. The mid-IR setup in Fig. 9(b) has a high polarization extinction ratio of >20 dB due to the lasing polarization in the ICL. The output waveguide couples light into a single mode fiber and the output of the fiber is measured by a photodetector. 
Measurement results
The ultra-broadband combiner is designed to operate in regions of high fundamental mode transmission. The first measurement result subsection 4.1 reports two demonstrations of the high transmission region with VNIR and mid-IR wavelength transmission data. For the crossover wavelength region, reported in the second subsection 4.2, the NIR transmission data shows transmission trends as a function of coupler length, indicating that the cross-over wavelength changes with coupler length.
High transmission regimes
The fundamental mode transmission is measured for coupler lengths from 120 μm to 510 μm in steps of the 30 μm. For VNIR, high transmission near 100% is shown invariant of coupler length in Fig. 10(a) , which matches the overlaid simulation trend. The transmission data is normalized to the transmission from a device with the same input and output waveguides as the ultra-broadband combiner, but with only a straight or tapered waveguide in between. Only the device insertion loss is presented since the input and output coupling losses, material absorption losses, waveguide scattering loss, and waveguide bend losses are all normalized. For mid-IR, the normalized transmission for each coupler length is shown in Fig. 10(b) , where the simulation data is overlaid. The high transmission invariant of coupler length agrees with the simulation data. By measuring series of identical devices, an RMS error is calculated as 5% for the normalized data in both VNIR and mid-IR measurements.
Cross-over wavelength regime
Fundamental mode transmission data for the 1310 nm, 1430 nm, and 1550 nm bands show the complete trend of high to low and low to high transmission through the cross-over wavelength from the bar and cross inputs, respectively. The 1310 nm measurements in Fig. 11(a) show high transmission from the bar input, decreasing as coupler length increases, and low transmission from the cross input, increasing as coupler length increases. This indicates that 1310 nm is shorter than the cross-over wavelength. Fig. 11(b) show equivalent transmission at 300 μm, indicating the crossover wavelength is near 1430 nm. Fundamental mode transmission in Fig. 11(c) shows a trend of increasing cross transmission with increasing coupler length and decreasing bar transmission with increasing coupler length suggesting the cross-over wavelength is shorter than 1550 nm. Although data in Fig. 11 does not match corresponding simulations, the trends indicate the dependence of cross-over wavelength to coupler length and a cross-over wavelength shift. Section 5 discusses hypotheses for this discrepancy.
Measurements in
Ultra-broadband transmission spectrum
By putting transmission data from each spectral band measurement together from a single coupler length, the transmission spectrum of the ultra-broadband coupler is shown in Fig. 12 for the bar and cross input excitations. The VNIR and mid-IR data points show high transmission as predicted and the cross-over wavelength is about 1430 nm, as shown from the NIR measurements. As simulations suggest, the VNIR cross transmission and the mid-IR bar transmission are low and these data points are both lower than the measurement dynamic range, which is 35 dB for the NIR setup and 30 dB for the mid-IR setup. 
Discussion
Although the measured transmission above and below the cross-over wavelength corresponds well with the BPM simulation, Fig. 12 shows the measured cross-over wavelength is blueshifted relative to simulations. Also, the slope of transmission versus wavelength is steeper near the cross-over wavelength for both cross and bar inputs. At the cross-over wavelength in Fig. 11 , it is evident that the sum of the measured cross and bar fundamental mode transmission is less than the sum of the simulated cross and bar fundamental mode transmission. Therefore, either more light is coupled into the higher order mode or the light is scattering at this wavelength. A number of fabrication related issues could have affected these discrepancies including the formation of air gaps and strain from PECVD top cladding deposition, affecting the material indices, which were not accounted for in this simulation. Air gaps did develop from the PECVD top cladding deposition at the waveguide facets, but air gaps were no longer visible in SEM images after the anneal. Further analysis to dice and polish the devices will reveal if air gaps still exist along the coupler.
Another factor that affects the accuracy of the measurement data is how much the measurement data represents the fundamental mode transmission. Especially in the cross-over wavelength regime, the higher order TE mode becomes excited in the coupler and can skew the measurement data if the TE1 mode has a high overlap integral with the output coupling, which can be increased if the fiber is not aligned to the geometric center of the waveguide. An incoherent broadband source is used for the NIR measurement and alignment to the waveguide center is ensured by monitoring the output spectrum. If the normalized spectrum flat, then the fiber is aligned to the waveguide center since higher order modes are least excited and mode beating is minimized. Since the input and output coupling are roughly Gaussian shapes with 1/e 2 width of 2 μm, the overlap integral with the TE0 and TE1 modes is calculated to be 94% and 6%, respectively, for a fiber aligned to the center of the waveguide. Using the mode transmission results incorporating the TE0 and TE1 modes from Table 1 and Fig. 7 , the transmission for a 300 μm long coupler is predicted to be 58.8% including normalization compared to the fundamental mode simulated transmission of 63.2% for the bar input. For the cross input the normalized transmission including both modes is 42.8% compared to the fundamental mode simulated transmission of 39.3%. These predicted values are only 4.4% point higher and 3.5% point lower, respectively. Although this is a relatively small error in transmission, this would result in a blue-shift of the cross-over wavelength relative to the fundamental mode simulations shown in Fig. 12 . Therefore, the higher order TE mode excitation does contribute to the cross-over wavelength blue-shift by approximately 15 nm. This shift is small compared to the measured shift of about 160 nm so this error is not the only factor contributing to the cross-over wavelength shift.
Since higher order modal excitation does not contribute all of the cross-over wavelength error, we hypothesize that possible air gaps and strain have significantly altered the material indices to cause this discrepancy. Both air gaps and altered indices could contribute to higher order mode coupling, explaining the decrease in fundamental mode transmission at the crossover wavelength. Since strain affects are not likely isotropic, further three dimensional analysis of strain in this design is necessary to characterize the possible effects of strain on the cross-over wavelength shift.
Conclusion
A feasible design for an integrated multi-octave spectral beam combiner design has been presented including a novel ultra-broadband combiner. We have also demonstrated high transmission greater than 90% for 780 nm and 3600 nm wavelengths, and we have shown the existence of the cross-over wavelength at NIR, although it was spectrally shifted relative to the simulation results. This technology uses an ultra-broadband platform compatible with previously demonstrated spectral combining technologies and lasers bonded to silicon. It is now feasible to envision an integrated array of lasers spanning UV to mid-IR bands spectrally combined into a single output waveguide for high power and ultra-broadband applications.
